In most natural infections or after recovery, small numbers of Leishmania parasites remain indefinitely in the host. Persistent parasites play a vital role in protective immunity against disease pathology upon reinfection through the process of concomitant immunity, as well as in transmission and reactivation, yet are poorly understood. A key question is whether persistent parasites undergo replication, and we devised several approaches to probe the small numbers in persistent infections. We find two populations of persistent Leishmania major: one rapidly replicating, similar to parasites in acute infections, and another showing little evidence of replication. Persistent Leishmania were not found in "safe" immunoprivileged cell types, instead residing in macrophages and DCs, ∼60% of which expressed inducible nitric oxide synthase (iNOS). Remarkably, parasites within iNOS + cells showed normal morphology and genome integrity and labeled comparably with BrdU to parasites within iNOS − cells, suggesting that these parasites may be unexpectedly resistant to NO. Nonetheless, because persistent parasite numbers remain roughly constant over time, their replication implies that ongoing destruction likewise occurs. Similar results were obtained with the attenuated lpg2 − mutant, a convenient model that rapidly enters a persistent state without inducing pathology due to loss of the Golgi GDP mannose transporter. These data shed light on Leishmania persistence and concomitant immunity, suggesting a model wherein a parasite reservoir repopulates itself indefinitely, whereas some progeny are terminated in antigen-presenting cells, thereby stimulating immunity. This model may be relevant to understanding immunity to other persistent pathogen infections.
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latency | quiescence | trypanosomatid protozoan parasite | vaccination | stem cell-like A s long-term infection of a host can increase a pathogen's chances of transmission, many have evolved the ability to prolong their survival within their hosts. Leishmania, Mycobacterium tuberculosis, Toxoplasma gondii, and latent herpesviruses can remain indefinitely within their hosts in small numbers without overt pathology. Such low-level persistent infections differ considerably from "chronic" infections, where pathogen numbers are typically much higher and often accompanied by disease symptoms (1) . Unfortunately the terms persistent and/or chronic are applied inconsistently or even interchangeably across pathogens, in part reflecting the evolution of our understanding, organism-specific lexicons, and diverse mechanisms used by pathogens for long-term survival within the host (1, 2). Here we focus on persistent infections exclusively of the "low numbers" type, which are of medical importance due to their ability to reactivate to severe disease (3, 4) , to serve as reservoirs for transmission, and to engender a protective response against subsequent infections, a process known as concomitant immunity (5) .
Persistence is a significant but understudied aspect of the biology of parasites of the genus Leishmania, the causative agents of leishmaniasis. These parasites are responsible for an estimated 12 million active cases, at least 120 million asymptomatic infections, and 1.7 billion people are at risk (6) (7) (8) (9) . Leishmania sp. are transmitted as metacyclic-stage promastigotes to humans by the bite of an infected sand fly. In the skin, parasites are engulfed by phagocytic cells, where they differentiate into the amastigote stage and begin to replicate. Although most infections are asymptomatic, a significant fraction go on to produce ulcerating skin lesions; in both cases, parasites can metastasize to other sites and cause more severe disease such as visceral or mucocutaneous leishmaniasis (9) . For Leishmania major, in most human cases and experimental infections of "resistant" mouse strains, the infection is eventually controlled by an adaptive Th1 immune response, in a manner requiring inducible NOS (iNOS) (10, 11) . Thereafter, the number of parasites in infected tissue declines dramatically, the lesion heals, and the host becomes immune to subsequent L. major infection (12, 13) . However, a small and steady population of parasites remains at the site of infection and in the lymph node draining that site for the rest of the host's life (14) .
These persistent parasites play vital roles in Leishmania biology. Despite their limited numbers (∼1,000), persistent parasites can be transmitted to sand fly vectors and thus could function as a transmission reservoir (6, 15, 16) . Second, they pose a substantial risk to infected people in the event of immunosuppression, as the persistent parasites can "reactivate," leading to severe disease (17) . Finally, they maintain protective immunity to subsequent Leishmania infections through concomitant immunity, which results in amelioration of disease pathology without sterilization of either the persistent or incoming parasite (18, 19) . Indeed, healed Leishmania infections are the gold standard in anti-Leishmania immunity, and to date no other vaccination approaches have proven as successful in humans (18) . Importantly, treatment of persistently infected mice to achieve a sterile cure renders those mice susceptible to new infections (14, 20) , suggesting that the persistent parasites are required for strong, longlasting anti-Leishmania immunity.
Significance
Persistent parasites contribute to the maintenance of protective immune responses through concomitant immunity, but our understanding of how they do so has been limited by the difficulties associated with their low numbers. Our studies indicate that for Leishmania substantial parasite replication occurs in persistent infections, with most parasites found within activated antigen-presenting cells. Parasite replication serves to maintain the infection and likely also provides a constant source of parasite antigens for immune stimulation and the maintenance of protective immunity. Collectively, these studies suggest a framework to understand concomitant immunity that may be applicable to other persistent pathogens.
The host immune response is important to simultaneously prevent reactivation and clearance of persistent parasites (21, 22) . Treatment of persistently infected mice with immunosuppressive drugs, iNOS inhibitors, or the blockade of IFN-γ signaling rapidly results in increased parasite numbers and the reappearance of disease symptoms (11) . In contrast, depletion of CD4 + CD25 + regulatory T cells or the blockade of IL-10 signaling results in sterile cure in mice (20, 23) . The mechanisms used by persistent parasites to modulate the host's immune responses or to maintain protective immunity are less well understood. Indeed recent studies have drawn attention to continuing antigenic stimulation arising from the site of infection, which is better understood from the host's than parasite's perspective (24) .
The study of persistent parasites poses significant experimental challenges. Typically persistence is studied after resolution of disease in a resistant (Th1) murine model, which requires >4 mo to attain (11, 25) (Fig. S1D) . Furthermore, the low number of persistent Leishmania renders their visualization, much less characterization, a daunting task (26) . Here we established several methods facilitating the study of both replication and host cellular localization of the scarce persistent parasites. Our data show that persistent parasites constitute two populations, one replicating and one seemingly quiescent. Similar results were found with the lpg2 − mutant L. major lacking the Golgi GDPmannose transporter, which fails to induce disease pathology even in susceptible (Th2) mice but persists indefinitely for the life of the animal (25) , where it confers strong protective immunity (14, 27) . Our studies suggest a model explaining how persistent Leishmania maintain concomitant immunity in which a small replicating reservoir acts to maintain a perpetual infection needed for transmission, while spinning off a pool of parasites destined for immune destruction and stimulation. This model potentially applies to other persistent pathogens.
Results
Assay of Leishmania Replication by BrdU Incorporation in Vitro.
L. major promastigotes were incubated with 0.1 mM BrdU for various periods, followed by fixation and staining with a rat antiBrdU monoclonal antibody to detect incorporation (28) . To detect the parasite nuclei, we chose a pool of antibodies specifically recognizing Leishmania histones, as these epitopes proved durable to the harsh acid fixations needed to monitor BrdU incorporation.
BrdU was incorporated into both the kinetoplast (mitochondrial) DNA network and the nucleus (Fig. 1A) , and under conditions where parasites replicated with a doubling time of ∼8 h, the percent of BrdU + cells rose steadily to 90% over 9 h (Fig. 1B) . Longer labeling times did not lead to further increase, suggesting that this was the maximum technically achievable. Under conditions of slow growth (serum reduction), a lower fraction of BrdU + parasites was observed, arising by an increase in the length of G1 phase as in most eukaryotes (Fig. S1 A-C) . No BrdU + cells were seen in stationary phase promastigotes following 24 h of labeling. L. major-infected macrophages (MΦs) grown in the presence of BrdU for 72 h resulted in 90% BrdU + labeling of the intracellular amastigote stage nuclei. These studies show that BrdU labels Leishmania as expected, in both parasite stages and within MΦ.
Visualizing Persistent Leishmania and Replication in Infected Animals in Situ. For these studies, we chose to use the classical s.c. footpad inoculation model of L. major infection, as this allowed us to put our findings in the context of a large body of literature addressing Leishmania pathogenesis, immunology, persistence, and vaccination (21) . To detect the low numbers of "persistent infection parasites" (PIPs), the site of footpad infection was excised, the tissue fixed, and 10 μm-thick serial sections prepared and labeled with the anti-Leishmania histones for confocal microscopy. In some sections, as many as 10-100 parasites were evident, wheras others had none. Integration of parasite numbers across serial sections from a single footpad yielded numbers comparable to those typically obtained with limiting dilution assays (100-2,000), suggesting that this approach was capable of detecting most parasites.
We then combined the BrdU incorporation and in situ Leishmania detection protocols to visualize parasite replication in infected animals. There, Leishmania replicates rapidly for the first 4-6 wk after inoculation (13); we refer to parasites during this period as "acute-infection parasites" (AIPs). Bioluminescent imaging of luciferase-expressing parasites showed that AIPs replicate exponentially with a doubling time of ∼60 h and as such provided an ideal setting to optimize in vivo BrdU incorporation assays.
Because mammals rapidly clear nucleosides from circulation (29), we tested several different BrdU delivery protocols as described in Materials and Methods, sacrificing treated mice 24 h after the start of the dosing period. Although all yielded abundant BrdU + host cell nuclei, BrdU + parasites were only detected in mice receiving multiple i.p. and s.c. footpad injections. The percentage of parasites labeled increased linearly with the number of doses, and we adopted as the maximum practicable a regimen of 6 doses given every 3 h as a "standard" (Fig. 1C) . Assuming a 24-h labeling period and a parasite doubling time of 60 h, we calculated that 40% of AIPs should be BrdU + ; by the protocol above, 44 ± 6% were BrdU + , in good agreement.
PIPs Replicate in Vivo. We then tested whether PIPs incorporated BrdU into their DNA. We defined the asymptomatic persistent infection phase as >1 mo following the resolution of footpad swelling at the inoculation site (typically ∼4 mo postinfection; Fig. S1D ). In all studies, multiple experiments, mice and sections were analyzed, enabling statistical tests of distribution and significance [represented as N = E (experiments)/M (mice)/P (parasites)]. We found that 19 ± 6% of PIPs showed BrdU + nuclei ( Fig. 1 D and E) , about half that seen in AIPs (P < 0.0001). The intensity of BrdU labeling per cell was similar for AIPs or PIPs (Fig. 1F) , implying that differences reflected the number of replicating parasites rather than the rate of BrdU incorporation. If one assumed a homogeneously replicating population, a doubling time of about 120 h could be calculated for PIPs. For confirmation, we formulated an indirect assay based on the number of parasites per cell. This approach assumes that for PIPs, host cells are initially infected by a single parasite, as the low number renders the chance of multiple independent infections unlikely. From this we inferred that host cells containing two or more PIPs (here termed "clusters" as opposed to singletons) must have arisen exclusively through parasite replication, thereby providing an indirect metric. In contrast, for in vitro MΦ infections, which are usually performed at high multiplicities of infection (and possibly for AIPs where parasite numbers can be quite high), such an inference would not be valid. Thus, PIP cluster analysis provides an alternative perspective on replication.
In both AIPs and PIPs, we readily found clusters containing 2-20 parasites per host cell in mice that were not subjected to BrdU dosing. Consistent with the results of the BrdU incorporation assay, AIPs showed a higher proportion of parasites found in clusters, with a higher fraction containing >8 parasites than seen for PIPs ( Fig. 2 A and B) . Nevertheless, in persistent infections, roughly half of all infected cells contained clusters with two or more PIPs ( Fig. 2A) , and ∼80% of all PIPs were found in clusters (Fig. 2B ). This provided independent support of PIP replication. Across all studies, singletons and clusters were interspersed, arguing against the possibility of segregation of cells harboring replicating and nonreplicating PIPs.
Persistent Leishmania Show Two Populations with Different Replication
Rates: One "Fast," One Slow/Nonreplicating. Combining the BrdU incorporation and cluster assays allowed us to test whether PIPs replicated as a homogeneous population. We plotted the percent of parasite clusters as a function of the percent BrdU + within those clusters (Fig. 2C ). For a homogeneous population, a distribution centered about the mean was anticipated, and indeed, this was seen with AIPs (mean BrdU + = 44 ± 6%; Fig. 2C ). In contrast, PIPs did not show a single distribution centered around 19% labeling, instead exhibiting two peaks (Fig. 2C) . The first peak, accounting for ∼60% of the total clusters, showed no BrdU + cells under these labeling conditions, whereas the second peak, accounting for the remaining 40% of clusters, showed a mean BrdU + of 57 ± 21%. The distribution and mean of the second population resembled that of AIP clusters (mean BrdU Although this suggested the existence of two populations, we were concerned that the analysis excluded singleton parasites not in clusters, about ∼20% of all PIPs. We thus reanalyzed the data by plotting the percent BrdU + cells as a function of cluster size. Assuming homogeneous parasite replication, roughly 44% of AIPs and 19% of PIPs should be BrdU + , regardless of the number of parasites per host cell. AIPs very closely matched this prediction, with 40-50% BrdU + uniformly across cluster size (Fig. 2D) . However, for PIPs only ∼12% of the parasites in host cells bearing 1-3 parasites were BrdU + , whereas ∼46% of the parasites within clusters containing four or more parasites were BrdU + (Fig. 2D ), a value very close to the maximum obtainable by these labeling conditions (Fig. 1) .
By integrating the data shown in Fig. 2 B-D and correcting for BrdU labeling efficiency, we conclude that there are two populations in persistent Leishmania infections: one comprising about 61% of the total cells, whose replication properties resemble those of AIPs (replicating with a doubling time of ∼60 h; Fig. 1 ). In contrast, a second population comprises about 39% of the cells, which under the conditions used fail to incorporate BrdU significantly. This second population is much less abundant in AIPs ( Fig. 2C ; 0% BrdU + population). Although one could interpret the "BrdU null" population as evidence of arrested or nonreplicating PIPs, we cannot exclude the possibility that their replication is just very slow, beyond the limits of our in vivo BrdU labeling protocol. PIPs Predominantly Reside in MΦs and DCs. We next determined the localization of PIPs within different host cell types. Sections were taken as before and labeled with anti-Leishmania histone antisera and anti-host cell type-specific markers for subsequent visualization by confocal microscopy. This allowed us to confirm that parasites were actually "within" the host cells visualized across all focal planes. 
CD11c
+ DCs (Table 1) . Virtually all PIPs were resident within MΦ, DCs, or RFs (Fig. 3C) , suggesting that all PIPharboring host cell types had been found.
A prior study reported that 43% of PIPs resided in ER-TR7+ cells in the draining lymph node (DLN) (26) . When we analyzed PIPs in DLN, the number of infected ER-TR7
+ RFs was somewhat greater (10 ± 7%), but as before most cells were F4/80 + (87 ± 12%; Fig. 3 A and B and Table S1 ). Unlike the footpad, where most persistent parasites resided in MΦ, in the DLN most parasites were in CDC11c + DCs (61 ± 19%; Fig. 3 A and B and Table S1 ). This was confirmed by dual staining, with 30 ± 18% within F4/80 + CD11c − MΦs and 61 ± 19% within F4/80 + CD11c + DCs ( Fig. 3 A and C and Table S1 ). Again, the data showed that virtually all PIPs could be assigned to MΦs, DCs, or RFs. Thus, although we did not find high levels of PIPs within RFs in either site, there was a shift from host MΦs in the footpad to DCs in the DLN.
"Cluster" Analysis Suggests Intracellular Replication in both MΦs and DCs in Persistent Infections. Because the harsh treatments needed to visualize BrdU incorporation destroy most cell type-specific epitopes, we used cluster analysis to assess in which host cell type parasite replication takes place. These studies showed that 73 ± 11% of clusters occurred within F4/80 + cells (MΦ + DC; n = 3E/ 8M/168 clusters), whereas 17 ± 10% were within CD11c + DCs (n = 3E/8M/124 clusters). These values are similar to that seen with individual parasites (79 ± 12% and 13 ± 7%, respectively) ( Table 1) . We also plotted the percent of CD11c + -infected cells as function of the number of parasites per cell to determine if DCs preferentially harbor the "static" subpopulation, which tends to be within host cells containing <3 parasites, but did not see any obvious correlation. Together, these data suggest that PIP replication occurs similarly in both MΦs and DCs. (Fig. S2B) . Similar results were obtained with CD206 (Fig. S2C) . During the resolution phase of acute infections, many Leishmania parasites are found in inflammatory Gr-1 + cells (32, 33), which we confirmed for AIPs (71%; Fig. S2D ). However, in PIPs this number drops to only 7% ( Fig. S2D ). In combination with the prior results, the majority of PIPs appear to reside within tissue MΦ.
Most PIPs Are Found Within iNOS + MΦs and DCs and Show Unexpectedly
Normal Morphology, Genome Integrity, and Replication. The number of parasites in persistent Leishmania infections remains relatively steady for extended periods of time (14, 25) , implying that PIP replication must be balanced in some manner by destruction. A likely executioner is nitric oxide (NO), generated from L-arginine via iNOS, given its role in the control of L. major in vivo (10, 11) .
Thus, we asked whether some fraction of persistent parasites was found within iNOS + host cells. In the footpad, 59 ± 15% of PIPs were found within iNOS + cells (Table 1) , whereas in the DLN 80 ± 19% percent of PIPs were within iNOS + cells (Table S1 ), in agreement with previous reports (34 We asked whether PIPs residing in iNOS + cells showed evidence of immune attack. To assess morphology, we used GFPexpressing parasites; for these, PIPs within iNOS + host cells were morphologically normal and indistinguishable from PIPs in iNOS − host cells (Fig. 4C) .
Parasite genome integrity was assessed by the TUNEL assay (35) . PIPs visualized in iNOS + cells showed no TUNEL + nuclei, but 26 ± 15% of PIPs showed TUNEL + kinetoplast (mitochondrial) DNA (Fig. 4D) . This is expected in healthy cells as kinetoplast replication involves the transient formation of double-stranded breaks (36) .
The "healthy" TUNEL + kinetoplast/TUNEL − nucleus pattern suggested that PIPs replicated within iNOS + cells. We tested this idea using the BrdU incorporation assay, as the iNOS antigen proved resistant to the treatments required for BrdU immunolabeling. In these experiments, 82 ± 10% of total parasites were within iNOS + cells, slightly higher than what we had observed previously. Simultaneous labeling for Leishmania histones and iNOS and BrdU incorporation showed that a very similar percentage of the BrdU + parasites (85 ± 15%; n = 2E/3M/254P) were within iNOS + cells. This suggests that PIPs do not preferentially replicate within iNOS-negative cells. This was verified by PIP cluster analysis, where 61 ± 9% occurred within iNOS + cells (n = 3E/8M/329 clusters). A similar percentage was seen across all cluster sizes, suggesting that neither the replicating nor nonreplicating PIPs were preferentially associated with iNOS (Fig.  4F ). This established that PIPs replicate comparably in both iNOS + and iNOS − host cells. Interestingly, about half of the uninfected F4/80 + cells adjacent to PIP-infected host cells also were iNOS + (50 ± 15%; n = 3 mice/11 fields/343 cells). In contrast, more distant cells were rarely iNOS + . These data show that "bystander" cell activation occurs during persistent infections, as has also been observed in acute infections (37) , and raise the possibility that once released, PIPs may enter into either iNOS + or iNOS − cells.
Evidence That Multiple Inoculations of BrdU Do Not Perturb PIP Replication or iNOS Expression. Multiple injections were required in the vicinity of the parasite infection site to obtain sufficient BrdU labeling of both AIPs and PIPs (Fig. 1C) . This prompted us to ask whether this necessary experimental perturbation could cause induction and/or inhibition of PIP replication in some manner. We compared PIP replication in BrdU-treated mice with that of untreated mice by the "cluster analysis" method. PIP clustering from BrdU-treated mice was determined by imaging tissue sections stained to detect parasite histones and iNOS, whereas the data from control mice were determined as part of the analysis of the host cell types containing persistent Leishmania (Fig. 3 ). This comparison showed that the distribution of parasite clusters was indistinguishable in experiments in which BrdU labeling was performed from those where it was not ( Fig.  S3 ; P > 0.6 by two-way ANOVA). We also tested whether the BrdU administration protocol affected the level of iNOS expression in infected host cells. In tissue from BrdU-treated mice, 65 ± 21% of the parasites were within iNOS + cells, not significantly different than that seen in mice that had not been subjected to BrdU treatment (59 ± 15%; P = 0.38). Thus, neither the multiple inoculations nor the presence of BrdU appear to result in detectable perturbation of either iNOS expression or PIP replication in vivo.
How Do PIPs Survive Within iNOS Host Cells?
We considered several models to account for the unexpected abundance, survival, and morphological normality of PIPs within iNOS + host cells. Methods for direct in situ detection of NO are not well developed nor readily applied to the low levels of tissue PIPs seen; thus, our attempts to establish NO production by PIP-infected iNOS + cells were unsuccessful (on both control and test samples). Nevertheless, we found that iNOS expression in PIP-infected cells was somewhat higher than in IFN-γ/LPS-activated PEMs (1.6-fold; Fig. 4 G-I; P < 0.001) that kill L. major promastigotes in an iNOS-dependent manner (38) , indicating that PIP survival is not explained by reduced iNOS expression. Next, we asked whether host or parasite arginase was up-regulated, which could deprive cells of the essential substrate for NO synthesis. PIP-bearing host cells were scored for expression of iNOS and arginase 1 (cytosolic) or 2 (mitochondrial) (39), as were adjacent cells in physical contact with the parasite-infected cell, as these could deplete arginine in their immediate vicinity (40) . Although 83 ± 14% of PIPs were within iNOS + cells in these experiments, only 3 ± 3% were within iNOS +
Arg1
+ cells, and only 12 ± 11% of PIPs in iNOS + were adjacent to Arg1 + cells (Fig. S4A and Table 1 ). This result is in keeping with our finding that PIPs were not found within MΦs showing hallmarks of alternative activation. We did not detect any spatial association between PIPs and Arg2 + host cells (Table 1) , which could be seen distantly from parasites (>75 μm; Fig. S4B ). Lastly, although L. major also express arginase, promastigotes do not express enough to affect NO production by activated MΦs in vitro (41) . Our studies revealed that arginase levels were reduced twofold in PIPs relative to cultured promastigotes (Fig. S4 C-E;
). Thus, up-regulation of arginase does not contribute to PIP survival in iNOS + cells. PIPs could be intrinsically resistant to NO, as there is increasing evidence that NO may act against amastigotes by mechanisms other than toxicity (42) (43) (44) . In the absence of an in vitro PIP model, as a surrogate we compared the relative NO tolerance of amastigotes to purified infectious metacyclic promastigotes following MΦ infection and induction of NO by IFN-γ/LPS activation (45) . Activation increased NO levels by 20-30-fold (Fig. 5A ) and reduced the number of parasites remaining in infected cells by 90% (P < 0.05; Fig. 5B ) by 24 h after stimulation. Stimulated MΦs died by 48 h after IFN-γ/LPS activation, precluding assessment at later time points. Inclusion of the specific iNOS inhibitor L-NIL restored metacyclic survival, establishing iNOS dependency (Fig. 5  A and B) . Amastigote tests were performed by first infecting with metacyclics and allowing parasites to differentiate into amastigotes before activation. Whereas prior promastigote infection interferes with MΦ activation and NO production (46), we found this effect was only transient, with infected host cells fully able to express iNOS and generate NO 3 d following infection (Fig. S5) . Despite the induction of high levels of NO comparable to that seen in metacyclic infections, many more amastigotes (64 ± 2%) now survived, which was restored to 85% by NIL treatment (Fig. 5 A  and B) . These data suggest that amastigotes are more tolerant of NO than promastigotes (64% vs. 9% survival; P < 0.001), a finding which could extrapolate to both AIPs and PIPs in vivo. L. major lacking the Golgi GDP-mannose transporter required for lipophosphoglycan synthesis encoded by LPG2 (lpg2 − ) persist in the absence of pathology in mouse infections and vaccinate mice effectively (25) . lpg2 − may be a more amenable model for the study of persistence, as it immediately attains numbers comparable to WT PIPs within a few days after inoculation (25) . Thus, we determined the cell types infected by lpg2 − in footpad tissue in BL6 mice and whether these parasites replicate. Experiments were performed 1 mo after infection to exclude potential nonspecific inflammatory responses induced immediately after infection. 
For most properties, lpg2
− PIPs were similar to WT, including the extent of BrdU labeling and residence primarily within tissue MΦ and DCs, as assessed by labeling for F4/80, CDC11c, iNOS, RELMα, ER-TR7, and Arg2 (Table S2 ). These data suggest that lpg2 − parasites provide an excellent model for long-term persistent L. major.
For three markers, modest differences were seen. First, transiently elevated levels of lpg2 − PIPs were found in CD206+ cells after 1 mo (50 ± 26%; P < 0.05), which declined to the WT levels (4 ± 5%) after 5 mo (Fig. S6A and Table S1 ). Second, the frequency of lpg2 − PIPs within CD11c + cells was elevated threefold relative to WT (46 ± 29%; Fig. S6B ; P < 0.006; Table S1), and their association with Arg1 elevated fivefold (Fig. S6C and Table  S1 ; P = 0.002; 37% within and 35% adjacent). Unlike CD206 localization, these differences did not return to WT after 5 mo (Fig. S6C) . Whether these differences contribute to the ability of lpg2 − to vaccinate (14, 27) will be addressed in future studies.
Discussion Persistent Infection Leishmania Comprise Two Populations, One Fast
Replicating and a Second Showing Little if any Replication. Because the number of persistent parasites remains steady over long periods of time in L. major following resolution of infection pathology, an unanswered question was whether these parasites lay in a quiescent, nonreplicating state. As in other pathogens, this has profound consequences to strategies used for MΦ survival and immune evasion. Here, we demonstrate that a major fraction of PIPs replicate comparably to AIPs, using three independent approaches. First, we formulated a parasite cluster assay, reasoning that host cells bearing more than one parasite arose via parasite replication rather than multiple infections. Such clusters were identified both in footpads and DLNs (Figs. 2 and 3 A and B), indirectly suggesting PIP replication at both sites. Second, by the TUNEL assay, we detected significant levels of kinetoplast (mitochondrial) DNA replication (Fig. 4) . The definitive evidence for PIP replication came from BrdU incorporation, which revealed that a substantial percentage of PIPs were BrdU+ (Fig. 1) . Thus, many PIPs undergo active replication. As the fraction of BrdU+ PIPs was about half of that seen with AIPs (19 vs. 44%; Fig. 1E ), we asked whether this arose from differences in overall replication rate or population heterogeneity. This was tested by quantitative analysis of the distribution of BrdU+ parasites versus cluster size (Fig. 2) , postulating that clusters comprising multiple parasites/host cells were a sign of parasite replication. As expected, AIPs showed the distribution expected for a homogeneously replicating population, with similar BrdU labeling across all cluster sizes. In contrast, PIPs showed two populations-one of whose properties closely resembled that of AIPs and a second of small clusters-showing no BrdU incorporation by our labeling protocol; indeed, BrdU − "singletons" were most numerous (Fig. 2C) . Although we cannot rule out that these parasites are very slowly replicating by the methods available, we estimate that about 39% of PIPs fall into this nonreplicating class.
Do Slowly/Nonreplicating PIPs Enter a Quiescent Metabolic State?
Potentially, slowly/nonreplicating BrdU − PIPs have entered a different metabolic state than the actively replicating BrdU + PIPs. Indeed, recently it was shown that progressive chronic infections of Leishmania mexicana were comprised of slowly replicating parasite populations that were metabolically relatively quiescent (47) . However, the methods used there for the study of large numbers of parasites in chronic infections are not extensible to the low levels of PIPs seen in L. major nor for mixed populations showing widely varying replication rates. Thus, other approaches will be required to explore the metabolic status of the slowly/nonreplicating L. major PIPs. NO synthesis may act to dampen parasite metabolism in AIPs (42, 43) , and this likely occurs with PIPs as well. The quiescent forms of many pathogens show differences in gene expression from actively replicating forms (48, 49) . Similar knowledge would aid our understanding of Leishmania persistence considerably.
Is There a "Safe" Cell for Leishmania in Persistent Infections? Resolution of L. major infections following infection of resistant mouse strains is known to be dependent on the production of NO via iNOS (34) . To account for the emergence of PIPs, investigators have posited the existence "safe cells" free from immune attack (26, 50) . Although RFs or alternatively activated MΦs were attractive candidates to harbor persistent organisms (26, 31) , few PIPs could be found within them (Table 1) .
Instead, virtually all PIPs were found in cells often considered "unsafe"-namely, MΦs or DCs-especially given that most of these expressed iNOS at levels comparable to that seen in classically activated MΦs (Table 1 and Fig. 4) . PIPs in iNOS + host cells appeared strikingly normal: their replication profiles resembled those parasites within iNOS − host cells, as did their morphology (amastigote-like) and genome integrity.
This raised the question as to how PIPs could withstand the presumptive action of iNOS through NO production. Using MΦ infections in vitro as a surrogate for AIPs and PIPs, we found the survival of amastigotes to greatly exceed that of infectious metacyclics (Fig. 5) . Correspondingly, several studies suggest that the action of NO against amastigotes may be based more on metabolic inhibition rather than killing (42, 43) , arising from a tissuewide "collective" effect (44) . This would likely be less effective at low PIP densities seen in persistent infections. We saw no evidence of attenuation of NO production by substrate competition with host or parasite arginase nor of other previously described mechanisms of modulating or rendering iNOS activity ineffective (51, 52 ). An interesting question concerns the contribution of reactive oxidant species, as infections of phox-mice lacking the major phagocyte oxidase (gp91/phox) often yield uncontrolled infections, albeit less reproducibly and progressing much less rapidly than seen in infections of iNOS knockout mice (53, 54) . However, the lack of gp91 oxidase-specific inhibitors has precluded tests of its role specifically in PIP control, as shown elegantly using specific inhibitors of iNOS (11) .
The most plausible scenario accounting for current data is that PIP-bearing host cells synthesize NO via iNOS expression, to which PIPs are largely but perhaps not entirely resistant. We have as yet not seen evidence of PIPs destruction microscopically, although the rapidity by which killed parasites disappear (Fig. 5B) (35) suggests the anticipated "corpses" might be difficult to visualize in vivo.
lpg2
-as a Model for Persistence. Previous work has shown that although attenuated in acute infections and unable to induce pathology, the L. major lpg2 − mutant can persist indefinitely in numbers comparable to WT persistent parasites (25) and can vaccinate susceptible (BALB/c) mice against virulent challenge (27) . Because lpg2 − effectively enters the "persistent" phase very quickly, we proposed that it could provide a more convenient model than the study of healed persistent WT infections, which require >5 mo to establish. This prediction is now supported by our finding that after only 1 mo lpg2 − was indistinguishable from WT PIPs in most respects, including the extent of replication and residence primarily with MΦs and DCs, the majority of which were iNOS + (Table S1 ). Preliminary data also suggest that lpg2 − recruits Foxp3 + cells to the site of infection in BALB/c mice, a phenomenon reported for WT PIPs (20) . Modest differences were seen with a few markers (CD206 transiently, Arg1, and CD11c; Fig. S5 ), which may reflect the absence of phosphoglycans or other metabolites in the lpg2 − and could contribute to the immune response and ability to vaccinate (25, 27, 55) . Overall, these data support the continued use of lpg2-parasites as a model of Leishmania persistence and vaccination.
A Model of Leishmania Persistence and Concomitant Immunity. Our data show that PIPs comprise two populations of cells: one replicating similarly to logarithmically growing acute phase parasites (∼60 h doubling time), and a second population replicating much less rapidly, and possibly not at all. However, despite replication of the fast population, estimated to comprise ∼61% of the total cells, PIP numbers do not increase over time, implying that parasite replication is matched by killing. Thus, the offspring of replicating parasites have three potential fates: They may continue active replication, enter a nonreplicating state, or be destroyed (Fig. 5C) . Similarly, nonreplicating parasites may remain dormant or at some frequency resume replication. How these eventual fates are decided is not yet known. This could be under cellular regulation and control, transitioning between an active, replicating state and a potentially quiescent nonreplicating state, as seen in other pathogens exhibiting dormancy or latency. Alternatively, the fact that both replicating and quiescent PIPs reside in similarly unsafe host cells suggests a stochastic model, where forces favoring parasite persistence (such as IL-10/ Treg-dependent suppression) are balanced against those favoring destruction (56), leading to maintenance of roughly constant numbers. In reality, knowledge is limited concerning how "steady" persistent Leishmania numbers actually are, with current data being mostly of low temporal resolution and high granularity. Thus, a model wherein parasite numbers oscillate within some range over time in response to these competing forces could be invoked. Strong perburbations of the host's response could further push persistent parasites along either path, resulting in reactivation or sterile cure (11, 20) .
The ongoing replication and destruction of persistent Leishmania provides an attractive model for concomitant immunity and a compelling rationale for the superiority of "live" vaccination strategies in Leishmania. Killed parasites arising as a byproduct of parasite replication would be a good source of antigen for maintaining a robust anti-Leishmania response at the very site of initial infection (24) . Provision of "dead antigen" in situ would also overcome the ability of live parasites to inhibit antigen presentation (57) (58) (59) . Thus, from the host's perspective, persistent parasites serve as a continually self-renewing stimulatory vaccine. In some respects, the model proposed for PIP replication and "termination" is reminiscent of a stem cell cycle ( Fig.  S7) with some of the progeny of replicating PIPs serving as a continually self-renewing "stem" maintaining parasite persistence, whereas the remainder meet their terminal fate in antigenpresenting cells.
The continually replicating immunogen model may provide a new perspective with which to view the immune response to other persistent pathogens. For most of these, the experimental focus has been on the role of the immune system in pathogen suppression and containment, leaving the question of whether this contributes to resistance to subsequent challenges as seen with L. major. Following resolution of primary infections and the generation of persistent (Toxoplasma bradyzoites) or latent states (herpesviruses), sporadic subclinical reactivations often occur, leading to the synthesis of antigen and immune stimulation (60, 61) . There is evidence that both of these persistent/latent infections may confer protection to rechallenge (62) (63) (64) . Similarly, there is evidence that latent M. tuberculosis may undergo limited replication (65) and that latent, asymptomatic infections are associated with significant resistance to active disease (66) . Future work will be needed to establish whether a continually renewing "stem-like" immunogen model is relevant to these or other persistent pathogens.
Materials and Methods
Parasite Strains and Culture. L. major strain LV39c5 (Rho/SU/59/P) and its derivative lpg2 − (Δlpg2::HYG/Δlpg2::HYG) (25) were used in all experiments, except for the promastigote experiments show in Fig. 1 hemin, 1.9 μg·mL −1 biopterin, and 0.9% (vol/vol) heat-inactivated FCS (68) .
The WT LV39c5 parasites used here expressed GFP from the ribosomal locus (SSU::IR1SAT-GFP) and were generated by transfecting SwaI-cut plasmid B3538 into WT LV39c5 as described (67) and selecting for resistance to 100 μM nourseothricin and bright green fluorescence. The clone used in this study exhibited virulence similar to WT in BALB/c mice. Null mutants of the parasite arginase gene (Δarg::HYG/Δarg::PAC) (69) were cultured in the above media supplemented with 50 mM putrescine. Infective metacyclicstage parasites were recovered using the density gradient centrifugation method (70) . Propidium iodide staining of promastigotes was performed as described (71 . BrdU was detected with a rat monoclonal antibody (Abcam) used at 10 μg·mL The following fluorescent secondary antibodies were used: Alexafluor555 goat anti-rabbit, Alexafluor633 goat anti-rabbit, Alexafluor488 goat anti-rat, Alexafluor555 goat anti-rat, Alexafluor633 goat anti-rat, Alexafluor568 goat anti-hamster, Alexafluor488 goat anti-chicken, Alexaflour555 donkey antigoat, and Alexafluor647 donkey anti-rabbit (Invitrogen, all used at 2 μg·mL metacyclic lpg2-parasites. Following infection with WT parasites, the mice developed lesions that resolved, as determined by the absence of footpad swelling relative to the uninfected foot, ∼4 mo after infection. For the purposes of this study, persistent infections were defined as any time >1 mo following the resolution of footpad swelling. Unless otherwise indicated, studies with lpg2 − were performed between 1 and 2 mo following infection.
Possible lpg2 − revertants showing amastigote virulence (74), defined here as having >150 parasites in a single section, were excluded from analysis. PEMs were harvested and infected as described (75) .
MΦ Infections. Starch-elicited PEMs were harvested and infected as described (75 BrdU Staining and in Vitro Labeling Experiments. For all BrdU immunodetection experiments, paraformaldehyde-fixed samples were permeabilized with 0.1% Triton-X-100 in PBS for 15 min, washed in distilled water, and then immersed in 2 M HCl for 40 min to denature the DNA. After extensive washing with PBS, the samples were incubated in a blocking buffer containing PBS and 5% (vol/vol) normal goat sera and 0.1% (vol/vol) Triton-X-100 and were then stained as described in the text in the methods above. All BrdU stains used a 2-h incubation with the anti-BrdU antibody.
To test BrdU labeling in promastigotes in culture, either log-or stationaryphase L. major promastigotes were cultured in M199 media containing 0.1 mM BrdU (Sigma) for the indicated time, after which they were fixed in 4% (wt/vol) paraformaldehyde in PBS for 10 min and stained as described above. To test BrdU labeling in infected MΦs in vitro, PEMS were harvested and infected as described with stationary-phase parasites (75) . Two hours after parasites were added, the MΦs were washed to remove extracellular parasites and placed in media containing 0.1 mM BrdU, where they were maintained. At 2 h, 1 d, 2 d, and 5 d postinfection, samples were fixed and stained as described above.
BrdU Incorporation Assay in Vivo. Several different methods were attempted to administer BrdU to the infected mice. In the preferred method, infected mice were injected every 3 h for 18 h with 200 μL of PBS containing 4 mg·mL
−1
BrdU into the peritoneal cavity and 50 μL of this solution directly into the infected footpad, yielding a total dose of 6 mg BrdU. Mice were killed and frozen tissue sections prepared 24 h after the first dose of BrdU. In addition to our standard approach, we also tried administering BrdU in the drinking water (1 mg·mL −1 ) via infusion using osmotic pumps (Alzet #2001D, 7.2 mg total dose) and single i.p. injections of 200 μL of PBS containing 4 mg·mL
BrdU. At 24 h after the first dose, the mice were euthanized and footpad tissue prepared and stained as described above. Volocity image analysis software (Improvision) was used to assist quantitation.
Tissue Preparation and Histological Staining. After euthanasia, infected draining popliteal lymph nodes or feet were harvested. The infected tissue was then fixed for 1 h at room temperature in 4% (wt/vol) paraformaldehyde in PBS. After fixation, tissues were incubated at 4°C for 1 h in 10% and 20% (wt/vol) sucrose in PBS, followed by an overnight incubation in 30% sucrose. The tissues were then embedded in O.C.T. compound (Ted Pella, Inc.), cut into 10 μm-thick sections using a cryostat, and mounted onto microscope slides. Unless otherwise indicated, tissue sections were stained as follows. Slides were washed in PBS, and tissues were then blocked and permeabilized in PBS containing 5% (vol/vol) normal goat sera (Vector laboratories) and 0.1% Triton-X-100 for 30 min. The sections were then stained with primary antibodies for 1 h. Unbound antibody was then washed off in PBS, and primary antibodies were detected with fluorescent secondary antibodies for 40 min, followed by a second wash in PBS. For some experiments, we needed to simultaneously stain tissue sections with different antibodies that were both generated in rabbits. To do this, the tissue was stained with an unlabeled rabbit primary antibody and a fluorescently labeled secondary antibody as described above. Next, the tissue was blocked for 30 min with a buffer containing 5% (vol/vol) normal rabbit sera (Sigma Aldrich), and then the second fluorescently conjugated primary antibody was used.
For TUNEL staining of the tissue sections, after all primary and secondary antibody staining was finished, the sections were stained with the In Situ Cell Death Detection Kit, TMR Red (Roche), according to the manufacturer's protocol. All sections were mounted in ProLong Gold reagent (Invitrogen).
Confocal Microscopy and Image Analysis. Microscopy was performed on a Zeiss 510 META confocal laser scanning microscope. Image analysis was performed using ImageJ or Volocity software.
Comparison of BrdU Staining Intensity. Samples were stained to detect parasite histones and BrdU, and three-dimensional confocal image stacks were acquired. Parasite nuclei were manually circumscribed in ImageJ software, and the average intensity in the anti-BrdU channel was determined from twodimensional image stacks. As a control for comparison of iNOS staining intensity, PEMs were activated with media containing 100 U·mL −1 recombinant IFN-γ (Chemicon) and 100 ng·mL −1 LPS (Sigma). Twenty-four hours later, the cells were fixed in 4% (vol/vol) paraformaldehyde and stained in parallel with footpad tissue sections from PIP-infected mice with antibodies against L. major histones and iNOS, and nuclei were stained with TOPRO-3 (Invitrogen). To determine the fluorescence intensity of iNOS per cross-sectional area, the outline of each cell from a confocal stack was traced in Volocity software (Improvision), and the sum intensity of all "red" pixels (iNOS) in the selected area was divided by the total number of pixels in that area, yielding the mean pixel intensity for the cross-section.
Comparison of Arginase Staining Intensity Between Persistent Parasites and Promastigotes. Footpad tissue sections infected with persistent WT (PIPs) or log-phase WT promastigotes were labeled to detect parasite arginase with anti-Leishmania arginase antibody and parasite histones (with the fluorescently conjugated anti-histone antibody). Confocal images were acquired using identical settings, and then Volocity image analysis software was used to determine the total arginase fluorescence intensity on a per-cell basis. Confocal stacks were compressed into a single plane, and then the total arginase fluorescence intensity was determined within a 2.28-μm radius circle centered on parasite nuclei.
Statistics. Data are presented as the geometric mean ± SE. P values are calculated by the Student's t test method or ANOVA.
